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Abstract 
 
The increasing trend of energy prices increment and more and tighter environmental 
legislation, has led to manufacturing industry and enterprises paying more attention to 
investigation of more prominent energy/resource efficient production methods, 
quantitative analysis on energy consumption in manufacturing systems and 
corresponding timely decision makings. This is further evidenced and supported by the 
development of latest ISO standards such as ISO 14000, ISO 20140, ISO/TC 39/SC 2, 
N1760 and ISO 14955 for this cause.  Therefore, developing a comprehensive 
methodological approach for quantitative analysis of energy consumptions and the 
associated sustainability aspects of CNC machines and operations is the key driver for 
this research, albeit incorporating its implementation and application perspectives on 
shopfloor machining operations is the predominant goal as well.  
 
The research presented consists of two inter-related parts. The first part discusses the 
development of the systematic integrated ERWC approach used for the modelling and 
simulation tenacities in CNC machines and machining operations by taking account of 
energy consumption (E), resource utilization (R) and waste resulted in production (W), 
and collectively the resultant carbon footprint (C). The ERWC modelling and analysis is 
explored in details with support of the MATLAB-based simulations developed and 
relevant case carried out. The second part of the research is focused on evaluation of the 
methodological approach by design of a special testing workpiece and the well-designed 
CNC machining experiments. The experiments are carried out on the Bridgeport 3-axis 
CNC milling machine, so the maximum output power of the machine can be determined 
using the designed testing workpiece and appropriate testing procedures. In the 
experiments, the milling machine is opted with the clamped power logger for power 
data-acquisition. The results are used to further validate the model, approach and 
simulations developed.  
 
The contributions to knowledge are largely raised from developing the integrated 
ERWC modelling approach, innovative design of the testing workpiece, and their 
implementation perspectives on the 3-axis CNC milling machine, as supported with 
original research thoughts and exploration. 
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Chapter 1 Introduction 
 
1.1 Research background 
 
1.1.1 Current issues in machining operations 
 
Currently, increasing energy prices and environmental issues are driving industries to 
reduce their electricity consumption and Carbon emissions. According to the Kyoto 
protocol, the industrialized and developed countries have the most contribution on 
Carbon generation in the manufacturing sectors (Omer 2008). As the energy, which is 
used during machining operations, increases environmental pollution, the first step 
towards more sustainable manufacturing is to reduce energy consumption.   
Along with energy considerations, there are many efforts for improving on resource 
utilization and waste production. In addition to sustainability problems, many 
companies have been suffering from the scarcity of the materials before and after the 
entity machined. Recently, the price of steel has doubled and demands have increased 
accordingly. So, the second step in sustainability is to optimize the resource utilization 
during material machining.  
Looking at the machining as a whole system, many auxiliary device parameters also 
affect machining operations such as cutting tool, lubrication and fans and coolants. 
Those parameters also influence on the machining outputs and the cost of machining.  
 
1.1.1.1 Definition of sustainability 
 
According to the United Nation’s commission, sustainability was defined as “meeting 
the needs of the present without compromising the ability of future generation to meet 
their own needs” (WBCD, 1987).  Sustainability defined in this research as to optimize 
the organisational performance toward more environmental, economical and social 
viability. Sustainability criteria, which focused on previous literatures, have been 
presented in Fig. 1.1.   
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Fig. 1.1 Sustainability criteria (Rodrigo, 2008) 
 
The scope of this research is more focused on the Environmental and Economical 
aspects of machining operations. The green highlighted area will be analysed during the 
development phase of sustainable manufacturing by well designed experiments and 
results.  
 
1.1.1.2 Sustainability in manufacturing 
 
Recently, many researches have been done towards more sustainable manufacturing 
operations in both quantitative and qualitative criteria. Sustainable manufacturing 
presented after the Lean concept which defined by Allwood (2009) as a method to 
“develop technologies to transform materials without emission of greenhouse gases, use 
of non-renewable or toxic materials or generation of waste”. The wastes in lean 
manufacturing defined by Toyota (James et. al., 1990), which contributed in this 
research, are as follows: 
• Unnecessary machining time  
• Unnecessary axis movement 
• Optimize feed rate 
• Optimize cutting speed 
• Optimize cutting number  
 
Considering the above as the wastes during manufacturing, CO2 emission associated 
with machining also need to be analysed.  
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1.1.2 Challenges in sustainable manufacturing development 
 
Developing sustainable manufacturing is always challenging because of the complexity 
of manufacturing systems. Fig. 1.2 shows some of the different aspect of sustainable 
manufacturing and complexity.  
 
	  
Fig. 1.2 Sustainable manufacturing aspects (Bunse et. al., 2011) 
 
Specifically in machining operations, which is considered a highly complex system, 
methodology and boundary definition is highly important. Such complexity be raised 
when there is several parts that interacting with each other in the way that cannot 
measureable. In order to cope with the complexity in manufacturing there are several 
techniques presented: 
 
• Deterministic modelling  
• Stochastic modelling and simulation 
• Object oriented modelling 
 
A deterministic model is one in which every machining effects is uniquely determined 
by parameters in the model and by sets of previous states of these parameters. 
Conversely, in a stochastic model, randomness is present, and machining parameters are 
not described by unique values, but rather by probability distributions. In an object-
oriented data model, the behaviour and effects of specific machining operations are 
merged into a single indivisible value.  
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1.2 Aim and objectives of the research 
 
This research presents the systematically overview of the machining operations which 
has high impact in the sustainable development of the manufacturing processes. Energy 
consumption, resource utilization and waste production in machining operations has 
been mainly considered including the performance factor for Carbon emissions during 
machining. For obtaining the results which reasonable, the modelling and formulation 
of the cutting parameters has been produced and also the application of each has been 
described.  
The distinct objectives of the research are to: 
• Undertake the critical review on quantitative assessment of energy consumption 
on CNC machines and develop the corresponding ERWC modelling approach 
and its implementation prospective. 
• Design a standardized test workpiece. 
• Carry out experimental trials to further evaluate the models, simulation and the 
research development above.  
 
1.3 Outline of the dissertation  
 
The structure of this research has been presented in Fig. 1.3.  
 
	  
Fig. 1.3 Thesis structure 
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This thesis has been divided into two main parts. In the first part, the systematic 
overview of the machining operations has been explained. In the second part, the 
application of the assumed method has been validated by real experiments on the 3 axis 
milling machine.  
The structure of the dissertation is as follows: 
• Chapter 2 Reviewing the literature related to the research topic. 
• Chapter 3 Modelling and simulation considering sustainability evaluation of the 
machining operations. 
• Chapter 4 Developing the standard test procedures and workpiece for the energy 
analysis 
• Chapter 5 Designing protocols for the experimental trials focused on energy 
consuming sources.  
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Chapter 2 Literature review 
 
2.1 Introduction 
Machine tools consumes high amount of energy during the machining operations (Park 
et al., 2009). The increase of the environmental awareness and electricity costs in 
industrial sectors put forces on the manufacturers and customers to reduce their 
operational energy consumption (Behrendt et al., 2012). The high environmental impact 
of the machine tools was also reported by the European Commission within it’s 
‘‘Energy using products’’ directive, which was produced for optimizing the 
environmental performance of products.  
It was reported that machining operations contributed to 37% of the world’s total energy 
consumption during 2006-2007 (Dang et al., 2007). The previous studies on the 
machine tools operations show that less than 30 % of energy consumed uses for the 
actual cutting operations and 70 % of the energy wastes for actuating the auxiliary 
devices such as coolant, fans and spindle (Liu et al, 1995). As it has shown in Fig. 2.1, 
only 40-60% of the energy entered into the machine tools perform the actual cutting 
operations.  So, there is high potential for making the machining operations more 
efficient and environmentally friendlier.  
 
Fig. 2.1 Energy flow on the CNC milling machine. 
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2.2 Sustainable manufacturing development 
 
The research on energy/resource efficient manufacturing has been being increasingly 
undertaken worldwide (Hermann et al, 2008; Jeswiet and Kara, 2008; Diaz et al, 2010; 
Vijayaraghavan and Dornfield, 2010), with research focuses mostly on: 
 
• LCA based analysis of manufacturing systems and processes to fuse together 
energy/environmental and economic objectives; 
• Approaches and technologies to developing innovative energy/resource efficient 
manufacturing; 
•  Exploiting manufacturing process science to address the complexity and 
integrity of energy modelling;  
•  Developing smart sensors and systems for monitoring and control of energy 
usage in manufacturing industries. 
 
There has also been a number of following international standards/initiatives 
development for energy assessment in manufacturing, although some development is 
still at drafting stages, for instance:   
•  Japan based, ISO 20140 - "Automation systems and integration – Environmental 
and energy efficiency evaluation method for manufacturing systems”; 
•  USA based, ISO/TC 39/SC 2, N1760, (2009) - “Test conditions for metal cutting 
machine tools”,  
•  EU based, ISO 14955 - “Environmental evaluation of machine tools”.  
 
However, there is a critical but fundamental issue occurring in the research and 
development above, i.e. how to undertake stringent quantitative analysis and modelling 
of the energy consumption and the consequent carbon footprint of a manufacturing 
system. The issue is challenging because of the multiple factors and coupling effects 
involved in the system, and the complexity and diversity of the associated machine 
operations. 
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2.2.1 Machining operations optimization 
 
Optimization of the machining operations has been done previously in three different 
levels. Process level has been investigated by Draganescu et al (2003) statistically 
developing empirical model and response surface methodology for specific energy 
consumption of the machine tools. He resulted that the energy consumption of the 
machine tool is a function of material removal rate. Sarwar et al (2009) measured the 
energy consumption of the machine tools based on the material variations of the 
workpiece. Avram and Xirouchakis (2011) has be evaluated the machining energy 
consumption by dividing the electricity usage into constant and variable power flow 
during the machining operations. The same research shows that machining has three 
main phases:  
 
• Warm up time: when the machine is turned on and the controller of the CNC 
machine is on loading mode.  
• Rapid movement: when the spindle arm finds the test workpiece on the table 
axes.  
• Cutting: when the machine start the actual cutting operations out of the 
workpiece.  
 
The components which have effect on the energy consumption of the machine tools and 
their interactions have been divided into direct and indirect parts by Neugebauer (2011). 
So, the direct and indirect devices which increase the energy efficiency of the machine 
tools have been identified.  
Hermann and Thiede (2009) simulated the energy flow of the machine tools through the 
process chain in order to improve the energy efficiency of manufacturing processes. He 
and Liu (2010) also presented the systematic overview on the energy consumption of 
the machining operations considering the scheduling problem of the manufacturing 
systems.  
Online monitoring system has been developed by Vijayaraghavan and Dornfeld (2010) 
for capturing the energy data during the machining operations. The benefit of this 
method is that the machinist can evaluate the real energy consumption when 
undertaking the actual cutting process.  
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2.2.2 Legislations and standards 
 
Increasing the energy consumption in industry has considered by the government and 
the legislations. The governments tried to reduce the energy usage by increasing taxes 
and developing standards. Currently, there has been a number of following international 
standards/initiatives development for energy assessment in manufacturing, although 
some development is still at drafting stages, for instance:   
•  ISO 20140 - "Automation systems and integration – Environmental and energy 
efficiency evaluation method for manufacturing systems” (Japan based),  
•  ISO/TC 39/SC 2, N1760, (2009) - “Test conditions for metal cutting machine 
tools” (USA based), 
•  ISO 14955 - “Environmental evaluation of machine tools” (EU based).  
 
Development of ISO 50001 was started in February 2008 by the International 
organization for standardization (ISO). The standard includes all the activities of 
industrial plants to manage the energy used for procurement and operations. The 
certified holders of ISO 50001 demonstrate that the plant or company has sustainable 
energy management system in place. 
ISO 5001 is being written for having more compatibility with ISO 9001 and ISO 14001. 
The performance indicators have been developed in order to satisfy: 
• Energy efficiency 
• Energy performance 
• Energy supply 
• Procurement facilities 
• Energy using equipment and system 
In order to have more influence on the energy demands (up to 60%), the 150001 
standard provides organizations and companies with technical and management 
strategies.  
European energy policy also set up the new technology plan to bring new energy 
innovations and reduce greenhouse gases. The reduction of the 20% in greenhouse 
gases has been predicted by 2020. The short term objectives of the policy are as follow: 
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• Increasing energy efficiency 
• Integrating renewable energy sources 
• Developing alternative fuels 
Development of a new generation low Carbon technologies has been considered in long 
term objectives.  Recently, EU proposed specific rules for labelling products, services 
and infrastructure which shows the energy efficiency.   
In July 2005, the Eco design Directive has been developed by the European parliament 
and the council as a prominent policy. The life cycle assessment of the initial stage of 
the product design has been done by the systematic integration of the environmental 
aspects. 34 product groups were selected for the environmental effects created by these 
product including the waste production and energy consumption in their manufacture 
and use.  
Specifically, Machine Tools Company has been classified as the top three priorities for 
the product analysis as it’s shown in Table 2.1 So, energy efficiency in manufacturing 
systems and machining operations may be critical point of investigation as Eco design 
directive standard classified.   
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Table 2.1 Eco design direcive classification in terms of energy intensive products 
 
ISO14955 which presented by ISO Technical committee was assessed by 39 working 
group for environmental evaluation of machine tools.  
This standard consists of 4 major parts as outlined below:-  
i) ISO 14955-1: Eco-design methodology for machine tools (working draft available)  
ii) ISO 14955-2: Methods of testing of energy consumption of machine tools and 
functional modules  
iii) ISO 14955-3: Test pieces/test procedures and parameters for energy consumption on 
metal cutting machine tools  
iv) ISO 14955-4: Test pieces/test procedures and parameters for energy consumption on 
metal forming machine tools  
If successful this standard will provide a highly valuable basis to analyze and test 
existing and future machine tools. 
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2.2.3 Current strategies towards sustainable manufacturing 
 
Currently, there is a challenge between the technological change, sustainable 
development and industrial competitiveness in manufacturing firms. Managers in 
company look for the win-win strategy to make competitive edge among the other 
companies, which is essential for the organization to survive (Faucheux, 1998).  By 
developing the environmental objectives industry tries to increase its ROI using flexible 
methods (Porter, 1995).  The strategies, which tie to the environmental aspect of the 
firm, should be investigated by appropriate methodology (Jovane et al, 2008).  
 
2.2.3.1 Physical parameters in machining 
 
As it has been shown in Fig. 2.2, there are so many machine tools components which 
consume energy and ties with the complexity in machining operations. In order to 
define the boundary of our work, machining parameters have been classified as follow. 
 
 
	  
Fig. 2.2 Energy consumption models in machine tools (Kordonowy, 2003) 
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2.2.3.1.1 Materials used in machining 
 
Materials used in the machining significantly effects on the energy consumption and 
resource utilization in the machine tools operations (Sarwar et al, 2009). The total 
material removal rates depend on the materials which used in the machining for 
instance, Steel which is tougher than Aluminium consumes more energy. The effects of 
the workpiece material has been investigated based on the energy formulation 
previously, and the results in Fig. 2.3 show that Steel is the most energy consuming 
material among Aluminium and Polycarbonate (Diaz, et al, 2011) 
 
	  
Fig. 2.3 Power demand of NV1500 DCG for Steel, Aluminium, and Polycarbonate 
2.2.3.1.2 Lubrication used during machining 
 
As it has shown in Fig. 2.4 electricity consumption of the machine tools is highly 
affected by the cooling system.  
 
	  
Fig. 2.4 Energy flow on the milling machine 
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The niche area of research has been allocated to the machining efficiency through 
optimization of the lubrication system.  Currently, the focuses on dry machining show 
that omitting cooling from the machining significantly effect on the energy consumption 
of the machine tools operations.  
 
2.2.3.1.3 Cutting tool selection 
 
Material removal rate is the best key performance factor which can be applied for the 
energy efficiency comparisons. The material removal rate has been defined as follows: 𝑀𝑅𝑅 = 𝑉𝑜𝑙𝑢𝑚𝑒  𝑅𝑒𝑚𝑜𝑣𝑒𝑑𝐶𝑇 = 𝐿×𝑊×𝑡𝐶𝑇 =𝑊×𝑡×𝑓! 
where 
 
W - Width of cut 
t - The width of tool  
fm - The table feed rate 
 
So, material removal rate has been influenced by the size of cutter. Consequently, 
optimum cutting tool selection has too much effect on the energy efficient machining.  
Fig. 2.5 shows the change of material removal rate versus energy consumption on 3 axis 
milling machine. 
	  
Fig. 2.5 Material removal rate vs. Energy consumption (Diaz et al, 2011) 
#	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2.2.3.2 Machining parameters 
 
In addition to the machining parameters such as feed rate, cutting speed and depth of 
cut, which discussed earlier, there are also other potentials for more energy efficient 
manufacturing in process planning which will be discussed in this part. 
 
2.2.3.2.1 Selection of machining processes 
 
Computer aided process planning (CAPP) developed by Niebel on 1965 and It was used 
for the ease of process planning in CNC machines. Afterwards, in 1977 a pioneer 
named Wysk did his PhD focused on automated process planning and selection 
program.  Later on the CAPP systems have been combined with CAD/CAM software.  
CAD/CAM software gives information to machinist about the number of tool paths and 
the machining strategies. Development of the CAPP has been investigated on the CNC 
machines for energy efficiency by Newman et al (2012).   
The electricity consumption of the machine tools has been influenced by the number of 
tool paths. Increasing the number of tool paths and the machining time is not energy 
efficient since the auxiliary devices operate during the machining.  
 
2.2.3.2.2 Selection of cutting parameters 
 
Selecting the optimum cutting parameters is important decision making criteria for 
reducing energy consumption of the machine tools. Previous research for optimising the 
environmental issues of the machining operations shows lots of interest in this area. In 
the first stage the main focus was on the minimizing the production cost. The cutting 
parameters selection model has been formulated so as to minimize the cost of 
production for turning and milling operations (Chen et al, 1989 ;Hinduja and Sandiford, 
2004 ). Similarly, Polynomial networks applied for increasing the production rate and 
minimizing the production cost (Lee and Tarng, 2000).  
Second interest focused on the cutting parameters selection for minimizing the 
environmental emissions of the machining operations. Evaluation of the environmental 
burden of machining processes has been done, and the CO2 equivalent was calculated 
based on the Carbon intensity factor of the machining parameters (Narita and Fujimoto, 
2009).  
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As it has shown in Fig. 2.6, Jeswiet and Kara (2008) calculated the Carbon generated 
depends on the energy sources which received by the manufacturing processes.  
	  
Fig. 2.6 Energy transmitted into manufacturing sector (Jeswiet and Kara, 2008) 
 
There are also other researches on minimising the environmental issues of the 
manufacturing (Vijayaraghavan and Dornfeld, 2010; Devoldere et al, 2007).  
 
2.3 Energy mapping 
 
Energy mapping has been applied for gaining more knowledge over the machining 
operations (Dahmus and Gutowski, 2004). The presented diagrams in Fig. 2.7 used for 
the environmental analysis of the machining operations. It shows the inputs and outputs 
of the manufacturing systems presented the amount of the Carbon footprints released 
into the air.  
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Fig. 2.7 Energy flow map developed by Dahmus and Gutowski (2004) 
Basically, The transfer of the material into the product is highly energy consuming and 
carbon intensive. The energy which uses during manufacturing is converted to the 
Carbon footprints and the Carbon equivalent associated with the machining operation 
divided into direct and indirect. Direct generation happens when the energy consumed 
converted directly to the CO2. However, the Carbon which generates during the 
recycling of the materials and the Carbon embodied in the inputs (e.g. Cutting tools, 
workpiece material) are considered as the indirect Carbon retrieved from the whole 
process.  
Efficient manufacturing machines save energy while transferring the materials into the 
finished product. In fact, energy transformation can be applied as a value added process 
during the machining operations as the energy price contributed to the most expensive 
cost of the machining operations (Mani et al, 2009). Basically, the fixed energy 
consumed during machining such as (load/unload motors, coolant pumps, controllers, 
fans) is not measured during the energy analysis of the machining operations. However, 
these devices contributed to the high percentage of the electricity consumption during 
machining. In addition, production rate and the production cost are the most common 
key performances for the managers for checking the effectiveness of their industry. By 
introducing the CAD/CAM software, it is possible to simulate the tool path and the 
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machining significant before even start to machine the part. So, there is no need for 
more inspection during the machining and the cost of manufactured the part reduces.  
Using from the CAD/CAM software different scenarios tested on the machine tools and 
the feasibility of the approach presented here has been verified.  
 
2.3.1 Energy mapping techniques and processes  
 
In order to find a solution for reducing the energy consumption of the machine tools, the 
government has adopted the restricted environmental legislation. The effect of energy 
which consumes during the manufacturing operations on the environments has been 
studied (Jeswiet and Kara, 2008). The Carbon emission signature (CES) has been 
defined for estimating the energy converted to Carbon footprints during machining. 
After identifying the energy efficiency issues in machine tools, energy data has been 
collected from ten different machine tools involved in various operations (Filippi and 
Ippolito, 1981). The results show that less than 60% of the energy input in the machine 
tools used for the cutting operations. Qualitative research has been done on the 
alternative machining strategies which show the energy consumption relation with the 
machine tools auxiliary devices (Akbari et al, 2001; Fratila, 2009). According to 
Pusavec et al (2010) transition from conventional to new cooling systems improves the 
energy efficiency of the machine tools and reduces the waste and global warming 
potential. New cooling technologies such as Cryogenic or high pressurized lubrication 
method combined with the optimum lubrication strategies minimize the energy 
consumption of the machining systems. 
In mass production environment 85 % of the energy which releases into the production 
line is used in non machining operations (Gutowski et al, 2006). Similarly, Kordonowy 
(2003) studied the energy consumption of the indirect machining devices such as 
(spindle, jog, coolant pump, NC unit, coolers and fans) during the operations. Results 
show that 30% of the machining power consumes by the no value adding devices. The 
calculations were based on the systematic overview of the machining operations.  
Machining wastes and energy associated with manufacturing has been calculated 
through the modeling and software development by Dahmus and Gutowski (2004). The 
total energy consumption for the specific material removal rate has been compared to 
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the power delivered into the machine tools. The results show that the electricity usage 
the material removed out of the workpiece is quite small compared to the power 
consumption of the other devices. 
The cutting speed assigned for the material removal effects on the energy required for 
the machining significantly (Rajemi et al, 2010). So, the selection of the cutting 
parameters is important decision making for manufacturing a part.   
Several literatures have been divided machining energy into three phases (Dahmus and 
Gutowski, 2004; Avram, O. and Xirouchakis, P., 2011). 
•  Warm up time: when the machine is turned on and the controller of the CNC 
machine is on loading mode. The energy consumption of this phase is constant.  
• Rapid movement: when the spindle arm finds the test workpiece on the table 
axes. The machine is in the RUN TIME mode and the power consumption is not 
linear.  
• Cutting: when the machine start the actual cutting operations out of the 
workpiece. The material removal operations are done in this phase.  
 
The energy consumption of the machine tools have been investigated further in the next 
chapters with the well designed test workpiece and standards procedures.  
The life cycle assessment (LCA) has been done in a systematic approach with the 
experiment which addresses the different machining phase by Delvodere et al (2007).  
Grinding processes also considered as the machining operations which highly consumes 
energy and releases Carbon footprints. Herrmann et al (2009) modeled the dynamics 
between process parameters and specific processes in grinding operations.  
Generic method for modeling the energy consumption has been produced by Dietmair 
and Verl (2009) based on the statistical data and curve fitting methods. However, the 
results are not fully confident since the change of machining parameters can effect on 
the whole machining systems. Environmental burden analysis of the machining 
operations has been done with formulating the specific amount of the CO2 which 
generates during the machining (Narita et al, 2004). The auxiliary device effects on 
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releasing emissions into the air have been considered as well as the main parts (e.g. 
spindle, controller and etc) during the machining operations. 
 
2.3.2 Manufacturing techniques 
 
In this section the manufacturing processes and techniques have been qualitatively 
analysed so as to define the boundary which project has to be done. There are 5 types of 
manufacturing systems (Hon, 2005): 
• Single machine: is the most basic form of a manufacturing system in a single 
machine or work station. The model of single machine system has been shown 
in Fig. 2.8 (Peklenik, 1971). 
• Manufacturing cell: requires several machines in order to achieve to desired 
geometrical features. The highly automated manufacturing cell was addressed as 
FMS (Burbidge, 1989).  
• Flow line: is classified with pull and push systems for high volume 
manufacturing of identical or non identical products. JIT is the Toyota model 
which applied in this type of manufacturing (Ohno, 1988).   
• Factory: consists of entire cycle from design, planning, programming, 
manufacturing, production control and dispatch (Merchant, 1961).   
• Production network: The most recent production system with the increase of 
internet application through the supply chain was each node of the chain 
processes its own core manufacturing competence (Wiendahl and Lutz, 2002). 
The schematic presentation of a production system has been shown in Fig. 2.9.  
	  
Fig. 2.8 The model of a manufacturing system (Peklenik, 1971). 
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Fig. 2.9 Presentation of the production network 
 
The performance measurement for each of those mentioned production systems were 
more cost based rather than environmental. Increasing the price of energy and also 
government regulations force the industries to develop the performance measurement 
for the amount of energy consumed and Carbon produced through the value chain. 
Currently, the firms which focused on the energy requirements and also environmental 
issues gain more profits from the final customers.  
 
2.3.2.1 CNC technology 
 
The computer numerical control (CNC) machines were built in 1940s and 1950s for 
developing highly automated machines for transferring the raw materials into the 
products. Also the surface roughness and high accuracy were the other performance 
which machinists were interested. Recently, The CNC machines are highly automated 
using Computer aided design (CAD) and computer aided manufacturing (CAM) 
program. After designing the geometry and defining the datum of the piece, CAM 
software generates the G codes which can be understood by the controller of the 
machine tools. By defining the cutting tools and the cutting strategies in CAM software 
there is high confidence that the proffered accuracy will be achieved.  
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The machining operations are taken for shaping or machining metal or rigid material, 
usually by cutting, boring, grinding, shearing and other forms of deformation. The 
machine tools attached with the cutting tool in order to taking out the material out of the 
workpiece. The movement between the workpiece and the cutting tool is addressed as 
tool path.  
 
2.3.2.2 Machining strategies 
 
Typical milling machine comes in two basic forms, horizontal and vertical which shows 
the orientation of the main spindle. In this research milling machine has been selected 
for analysing the energy efficiency during the milling operations. The milling strategies 
classified as follow: 
• Profiling  
• Pocketing  
• End milling  
• Slot drilling 
Also, the machining is performed in two stages, roughing and finishing. Normally, in 
roughing operations more material removes from the workpiece. So, roughing 
consumes more energy than the finishing. Depends on the machining strategies, the 
tools and materials used as a workpiece, different energy requires during the operations.  
 
2.4 Conclusions 
 
Machining operations consumes energy and release Carbon emissions. In order to 
reduce the environmental issues associated with the machining operations internal 
investigations and external forces have been developed. The research focused on this 
area has been modelled the energy flow through the machining operations. The 
electricity consumption of the machine tools has been fully investigated on the different 
CNC machine. The methods used for the modelling approach was whether based on the 
statistical data obtained from the machining centres or deterministic models based on 
the cutting force calculated from the cutting tool parameters. However, the 
holistic/systematic approach to consider machining operation as a whole system has not 
been studied so far.  
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Chapter 3 Modelling and simulation of the machining energy consumption and 
sustainability aspects 
3.1 Introduction 
 
There are some dominant factors in a CNC machine tool and its associated machining 
operations, which have significant effect on energy consumption, resource utilization 
and waste production of the machine system and therefore its carbon footprint (E-R-W-
C). However, the accurate quantitative analysis of the energy consumption and carbon 
footprint of a CNC machining system is a challenge because of the multiple factors 
involved and the complexity and diversity of the machining operations. Furthermore, 
the quantitative analysis and modelling of the energy consumption and carbon footprint 
of the machine system is fundamentally essential for optimal control of the machine and 
the associated CNC operations particularly for energy/resource efficient manufacturing 
purposes. In this section, a holistic integrated ERWC modelling approach is proposed 
on quantitative analysis of the energy consumption and carbon footprint of a CNC 
machine tool. The approach is based on modelling energy consumption with resource 
utilization and waste minimization in the machine system in an integrated manner, by 
using the axiomatic design and grey relational analysis. MATLAB-based programming 
is used as a tool for simulating the ERWC models and solutions, mathematical 
modelling and transformation of ERWC data matrices in particular. The modelling 
approach is evaluated and validated with empirical data and a case study on a 
Bridgeport CNC milling machine.  
 
3.2 Modelling approach for the sustainability 
 
The research on energy/resource efficient manufacturing has been increasingly 
undertaken worldwide (Hermann et al, 2007; Jeswiet and Kara, 2008; Diaz et al, 2010) 
with research focuses mostly on: 
 
• LCA based analysis of manufacturing systems and processes to fuse together 
energy/environmental and economic objectives; 
• Approaches and technologies to developing innovative energy/resource efficient 
manufacturing; 
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•  Exploiting manufacturing process science to address the complexity and 
integrity of energy modelling;  
•  Developing smart sensors and systems for monitoring and control of energy 
usage in manufacturing industries. 
	  
There has also been a number of following international standards/initiatives 
development for energy assessment in manufacturing, although some development is 
still at drafting stages, for instance:   
• Japan based, ISO 20140 - "Automation systems and integration – Environmental 
and energy efficiency evaluation method for manufacturing systems”; 
• USA based, ISO/TC 39/SC 2, N1760, (2009) - “Test conditions for metal cutting 
machine tools”,  
• EU based, ISO 14955 - “Environmental evaluation of machine tools”.  
 
However, there is a critical but fundamental issue occurring in the research and 
development above, i.e. how to undertake stringent quantitative analysis and modelling 
of the energy consumption and the consequent carbon footprint of a manufacturing 
system. The issue is challenging because of the multiple factors and coupling effects 
involved in the system, and the complexity and diversity of the associated machine 
operations. 
 
In this section, a holistic integrated approach for modelling the energy consumption and 
carbon footprint of machine tools is presented by taking account of the energy, 
resources use and wastes produced in the machine system collectively. This part is 
organized firstly by introducing the integrated ERWC modelling approach. The 
computational analysis/ procedure, constraints and solutions, and implementation 
aspects are then discussed by using MATLAB programming environment. A case study 
supported with experimental data is followed on evaluating and validating the approach 
and models developed. Finally, the part concludes with discussions on the potential and 
application of the approach and modelling for sustainable manufacturing purposes. 
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3.2.1 Energy consumption 
 
In this step, the machining parameters which have effect on the energy consumption of 
the machining have been classified. The parameters selected based on the literatures 
investigated the variations in cutting parameters versus to the power consumption of 
machining (Campatelli, 2009). The factors, which have selected for the energy analysis, 
are as follow: 
• Cutting speed(m/min) 
• Depth of cut(mm) 
• Feed rate(mm/min) 
In the last chapter, the effect of each factor has been tested with the well design 
procedure on the milling machine.  
 
3.2.2 Resource utilization 
 
The machining operations use resources to transfer the material into the product. 
Resources in machining operations have been identified as follow: 
• Cutting tool 
• Workpiece material 
• Fans and Coolant 
• Operator 
Depends on the size of the machine tools and also the experience of the operator the 
machining utilize different amount of resources. Also, the study on the machining 
operations need a well defined boundary otherwise the relation between the resources in 
machining operation effects on the results.  
 
3.2.3 Waste production 
 
The wastes that derived from machining are divided into two categories.   
First group is the wastes which produced from the nature of machining such as used 
oil/water, metal chips and extra spindle movement.  
Second kind of wastes associated with the inappropriate setup of the machine tools, 
which causes the scrapped part, or useless movement of the spindle axis.  
In this research first mentioned wastes are considered as the waste in machining.  
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3.2.4 Approach used for modelling machining operations 
 
Previously, some models have been presented specifically on the energy consumption 
of the machining operations (Detmair and Verl, 2008; Gutowski et al, 2006), and also 
some modelling approaches tried to look at the machining operation holistically, but not 
systematically (Narita and Fujimoto, 2009; Avram and Xirouchakis, 2011).  Basically, 
the approaches for modelling energy consumption of the machine tools presented so far, 
are whether Mechanistic (Rajemi et al, 2010; He et al, 2011) or based on the empirical 
data (Draganescu et al, 2003; Diaz et al, 2011). The modelling approach presented here 
is based on the empirical data which requires systematic overview on the 
machining/cutting parameters. However, the boundary of the system has not been 
specified in the ERWC model. Using artifacts designed for testing the energy 
consumption, resource utilization and waste production limited the ERWC model to the 
specific boundary defined as follow: 
• Conditions dealing with material used in machining. 
• Conditions dealing with tools applied in machining operations. 
• Conditions dealing with machining strategies.  
• Conditions dealing with CNC machine types.  
 
The above definition has been shown in Fig. 3.1. 
	  
Fig. 3.1 Boundary definition for energy analyses 
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3.3 A framework developed for modelling 
 
Characterizing the main features of the ERWC model is fundamentally important, as the 
modelling approach should be comprehensive, integral and accurate so as to cope with 
various CNC machine tools and systems. The main features include: 
• Modularity 
• Hierarchy 
• Flexibility 
• Multi-functionality  
 
Modularity: In order to formulate the interrelations between the mechanical 
components of the machine tools it is necessary to classify each of the machine tools 
components into ERW group to use them as inputs to the Axiomatic design framework. 
This is the basis of modelling approach to quantitatively analyze the drive components 
(e.g. spindle axis, feed axis) and also the cooling system in machine tools.  
For the energy consumption in the machine tools, the focuses are more on the 
mechanical parts which have the most contribution in the energy consumption, and here 
tried to model the contribution of each in the case of CNC milling. Calculation of the 
resource utilization is more based on the machine tool efficiency in using the 
appropriate machining time to deliver the finished parts. According to literatures, the 
highest energy efficiency achieved when the machine tools transfer the raw material to 
the finished work in the shortest machining time (Taha et al, 2010) Parameters like 
process sequencing, tool path and tool changing time are priorities for the resource 
modelling. Wastes in machining operations can be generalized as any sequence of 
actions which have no added value to our work piece. The wastes are produced when 
there are not appropriate machining conditions such as insufficient lubrication cooling 
and compressed air, long warm up time, irregular tool changing pattern. The wastes 
produce in the forms of heat or chip wastes that cause highly energy consumption.  
Hierarchy: The hierarchical modelling structure has been approved efficiently on the 
energy consumption modelling of the machine tools operations (Neugebauer et al, 
2011) With the machine tools parameters classification carried out in the first step the 
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following hierarchical structure will be substantially defined. The model should be built 
by the integration of energy, resource and waste, so as the CO2 value produce at the end. 
Signifying the relations between components and sub components of machine tools, we 
have to prove the following equation: 
   CO2 = f (E, R, W) 
To balance the left side of the equation with the right side, numerical value has been 
assigned to the sub components of the machine tools that construct the main model. The 
sub components effects must be investigated by decomposing the main model into the 
individual measureable performances for later evaluation.  
Flexibility: To define energy, resource and waste options in the structure of the model, 
the boundary and flexibility of the model should be defined. Within the hierarchy of 
ERWC modelling, the machine tools including its components and sub components, 
works with the interactions between the mechanics joints that change during the 
machining operations. Also, there are tool and work piece changes during the 
machining actions which have to be fit into ERWC model. Thus, the flexibility of the 
model should be taken into consideration for building a reliable model for further uses, 
foremost by selecting individual machine tools parameters.  
Multi-functionality: The complexity reflects when these three factors (ERW) being 
integrated together because, the energy consumption has the effect on resource 
utilization and both of the previous key performances effect on the waste production. 
For instance, deactivating the cooling system that is the major energy consumer reduces 
the energy usage during the machining, but removing cooling increases the scrap rate 
and therefore increase energy consumption. Also, the sub components and sub 
assemblies in the machine tools should be considered in order to build a generic and 
reliable ERW model which increases the complexity in the modelling. To cope with the 
complexity issues of integrating those parameters, ERW is formulated while 
maintaining the natural interrelations (information contents) between energy 
consumption, resource utilization and waste production during the machining 
operations.  
Selection of the specific sets of machine tools parameters for modelling the ERWC is 
preformed implicitly and intuitively by experienced machine tools worker who have 
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well understandings about the effects of the machine tools setup parameters on ERW. 
After building a conceptual model based on the machine tools variables with the proper 
sequence, we must formulized a solution by postulating the fact that “There are values 
assigned for the physical domains of the machine tools operations which address the 
contribution of each machine tools parameters with the energy, resource and waste.” 
The systematically ERWC modelling approach presented here, albeit hypothetical, may 
be an ideal and practical approach for analysing every machine tools parameter which 
has contribution in carbon foot prints which generated during the machining operations. 
Each methods has been used for ERWC modelling has been described in the following 
sections in details. Fig. 3.2 shows the formulation of ERWC model based on the 
approaches presented. 
	  
Fig. 3.2 Concept of the ERWC modelling approach 
The mechanical relationship between machining parameters considered while cutting 
operations undertake on assumed workpiece. Each machining parameter contribution on 
the model development presented on Fig. 3.2.Finally, The ERWC has been modelled 
based on the heuristic integration of AD and GRA. The contribution of each has been 
described at below. 
 
3.3.1 Axiomatic design approach 
 
The study of energy consumption in systems is usually done by breaking down the 
systems into smaller systems and subsystems which make it possible to compare 
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different energy consuming subsystems (Imani et al, 2009) To apply the same 
methodology for our case, axiomatic design (AD) study has been conducted. The AD 
has been applied to manufacturing operations successfully through the systematic 
approach of multi attribute decision making (Kulak and Kahraman, 2005;Suh, 
2001;Suh, 1997; Suh et al, 1998). The AD theory is for the first time proposed by Suh 
(2001) for determining the best design among many alternatives. The main objective of 
AD is to satisfy functional requirements (FR) of the problem, by identifying plausible 
design parameters (DP). Specially, it can be applied to the optimization problems in 
which the DPs are vaguely defined. Dealing with the complexity of manufacturing 
systems, we have to break down the problems to sub-problems. To find a logical and 
rational relation between FRs and DPs, AD creates their hierarchies through 
decomposition process. In fact, the design which has the coupled design should be 
uncoupled to be processed. Fig. 3.3 illustrates the general scheme of the FRs and DPs 
contribution in axiomatic study.  
	  
Fig. 3.3 Schematic presentation of FRs and DPs hierarchies (Suh, 2001) 
The parameters definition which used for ERWC modelling has been shown in Table 
3.1.  
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Table 3.1 Axiomatic parameters for modelling ERWC (First level) 
FRs DPs 
FR1 Minimizing the energy consumption DP1 Optimization of the energy 
FR2 Minimizing the resource utilization DP2 Optimization of resources 
FR3 Minimizing the waste production DP3 Optimization of wastes 
 
The model formulation performed by breaking down the FRs and DPs parameters in 
Table 3.1. Procedure of modelling ERWC has been shown in Fig. 3.4 Defining such 
limited machine tools parameters leads to simplicity of the ERWC model and its 
verification process, but restricts the ERWC model to a very limited extent of 
applications. However, the methodology used in this section can be extended to 
construct a more general model including different cutting processes and also to the 
carbon measurement of a machine tool at the times when it is not actually cutting, 
without any problems. The ‘X’ value signifies a strong relationship between the FRs and 
DPs. As the decomposition is developed, there are less FRs parameters which have 
strong relationship with DPs. In fact, at each level, the physical realization should be 
shown. At higher level, the physical embodiments do not have all the details. As the 
decomposition proceeds, the details are added to the physical embodiment.  
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FRs	   DPs	  
FR1	  (minimizing	  the	  energy	  usage)	   DP1	  (optimizing	  the	  energy)	  
FR2	  (minimizing	  the	  resource	  utilization)	   DP2	  (optimizing	  the	  resource	  utilization)	  
FR3	  (minimizing	  the	  waste	  production)	   DP3	  (optimizing	  the	  waste	  production)	  
 
 
 
 
Fig. 3.4 FRs-DPs decomposition hierarchy 
The hierarchy framework of AD provides the information needed for modelling the 
ERWC. However, to meet the FRs by DPs the relation matrix should be either 
triangular or diagonal (Imani et al, 2009). Fig. 3.5 shows the uncoupling process for 
modelling ERWC. The lowest level FRs and DPs do not need to be decomposed 
because the DPs can be implemented.  
	  
Fig. 3.5 Matrix decomposition in ERWC modelling (The FR-DPs hierarchy tree) 
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Grey relational analysis has been used as systematic and logical mathematic tools to 
lead decision making in considering a number of selection alternatives and their 
interrelations.  
For the case study will be presented in the section, Carbon intensity factor has been 
selected from the database based on the measurement from that particular machining 
operation. For instance, Carbon intensity factor for electricity is 0.381 (kg-CO2/kWh) or 
Carbon intensity factor for lubrication waste is 2.612(kg-CO2/litre). Carbon intensity 
makes possible the direct diversion from the cutting parameters to the Carbon released 
into the air. The model structure has been shown in Fig. 3.6. 
	  
Fig. 3.6 Carbon diversion from the cutting parameters 
Machining operations inherits the data from developed model, so that the time of 
machining has direct relationships with the energy used and Carbon released. 
Optimization on the machining time and process planning shorten the idle time and 
suppresses energy wastes.  
3.3.2 Grey relational analysis 
 
Grey relational analysis (GRA) is the efficient way for solving multiple attribute 
decision making (MADM) when the “attributes” or “goals” have complicated 
relationships between them especially when the problem solving deals with the poor, 
incomplete, and uncertain information (Moran et al, 2006).GRA has been applied to the 
machining operation approved to be an appropriate method for optimizing or evaluating 
the machining operations (Lu et al, 2009; Balasubramanian and Ganapathy, 2011). 
Based on the predefined factors affected on the machining operation using Taguchi 
method, GRA optimized the cutting performance, and the results showed the significant 
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improvements in setting up the machining parameters (Tzeng et al, 2009; Cabera et al, 
2011). GRA solves problems by integrating the entire range of attribute values being 
assigned for every alternative into one single value. This reduces the original problem to 
a single attribute decision making problem (Kue et al, 2008). Fig. 3.7 illustrates the 
procedures used for the grey relational analysis of the model built by AD.  
 
Fig 3.7 Procedure of the GRA 
Each process shown in Fig. 3.7 has been described, and empirical illustration will be 
presented at the end of this chapter.  
 
Data pre-processing 
 
When the units in which performance is observed are different for various parameters, 
the effects of some attributes may be deserted. This may also happen if some 
performance parameters have a wide range. In addition, if the goals of those attributes 
have conflict with each other, it will lead us to unreliable results in the analysis (Huang 
and Liao, 2003). In order to determine the performance of each attributes, parameters 
should be transferred to a comparable sequence.  
For our case, if there are m machine tool parameters, and n experimental observations of 
the machine tool operations, the ith alternative can be expressed as Yi = (yi1, yi2,..., yij,..., 
yin), where yij is the machine tool performance value of parameter j of alternative i. The 
machine tools parameters (Yi) has been transferred into the comparability sequence Xi = 
(xi1, xi2, ... xij, ..., xin) by use of Equation (3.1). 
 
},...,2,1,{},...,2,1,{
},...,2,1,{
miyMinmiyMax
ymiyMax
ij
ijij
ijijx
=−=
−== for i=1,2,...,m   j=1,2,...,n 
	  
(3.1) 
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After generating the grey relational numbers of the machine tools performance values, 
the scaling procedures applied for limiting the data range between [0,1] . By defining a 
reference sequence X0 as (x01, x02, ..., x0j,..., x0n)=(1,1,...,1,...,1) the aims will be 
searching for the machine tool parameter which comparability sequence is the closest to 
the reference sequence. 
 
GRA coefficient measurement 
 
To build a scientific and logical comparison between our machine tool parameters and 
our reference sequence, grey relational coefficient has been evaluated according to 
Equation (3.2). 
 
 
 
 
 
 
 
 
Grey relational grade calculation 
 
Equation (3.3) generates the Grey relational grade. The purpose of calculating grey 
relational grade is to address the level of correlation between reference sequence and the 
comparability sequence (Kuo et al, 2008). The Grey relational grade Rating is based on 
the weighted values assigned to the columns of each alternative. 
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Is the distinguishing coefficient, between [0, 1]. 
We used 0.5 as distinguishing coefficient for 
machine tools operations.  
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(3.3) 
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          Wj - the weight of machine tool parameter j  
                         𝑊𝑗!!!! = 1 
 
3.3.3 Software development on MATLAB 
 
Since MATLAB software has built with advanced matrix operations, MATLAB based 
modelling and simulation applied for analysing machine tools operations. In order to 
indicate the AD/GRA modelling approach more clearly, some numerical examples have 
been illustrated in this part. The Fig. 3.8 shows the MATLAB software which has been 
developed and the related MATLAB codes have been attached to the Appendix A.  
	  
Fig. 3.8 MATLAB programming and developments on the ERWC modelling 
Based on the axiomatic study of the machine tools, the main model has been broken 
down to lower levels for having more details about machine tools setup parameters. 
GRA applied successfully to ERWC model based on the well-designed scenarios for 
machine tools operations. The weighted average values for alternative a, b and c are 
respectively 0.2, 0.5 and 0.3. The data in ‘mat5’ is produced in Grey basis for the ease 
of comparison between machine tool parameters.  
For reference sequencing using MATLAB software, we defined a new function named 
‘insertrows’ which appends the generated data matrix to reference sequence matrix. The 
closer grey relational numbers to the reference sequence, the better results would be. 
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After determining the distinguishing coefficient equals to 0.5, the Grey relational 
coefficient values have been computed by MATLAB software. Finally, Grey relational 
grade calculated using the weighted average values for each alternative. The final values 
reflect the contribution of each factor to the success of the FR. 
The Grey relational grade has been calculated for each alternative, but still there is a 
need for weighting the machine tool parameters which effect on the ERWC model. 
Equation (3.4) provides a holistic systematic approach for modelling the parameters of 
machine tools operations. In the next chapter, a case study based on the real data 
collection from the machine tool parameters illustrates the empirical application of the 
ERWC model presented.  
	  
                                                                                 𝐹𝑅1𝐹𝑅2𝐹𝑅3 = 0.4940 0 00.4940 1.2868 00.4940 1.2868 0.7834 𝐷𝑃1𝐷𝑃2𝐷𝑃3  
 
To create a user-friendly environment on MATLAB software, the ERWC software with 
graphical user interface of MATLAB software has been developed.  
 
3.3.4 Carbon intensity database 
 
Emission intensity data used for calculating the environmental burden and it’s referred 
to categories such as global warming, eutrophication and human toxicity (Narita and 
Fujimoto,  2009). The database uses from previous data and it’s transformed the cutting 
process into the Carbon equivalent. The benefit of using from the database is in the 
evaluation phase when you need exact amount of the emissions released into the air, 
unlike the conventional method.  
The database is well fitted into the modelling approach presented.  
 
3.3.5 Assumptions 
 
The linearity assumption has been made between the cutting parameters which 
considered as strong assumption.  The boundary has defined so as to the power 
consumption variations can be estimated by the linearity. Fig. 3.9 shows the fact that 
(3.4) 
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with the change of spindle speed power consumption changes at the linear rate. 
Similarly, the assumption has been made for other cutting parameters like feed rate.  
	  
Fig. 3.9 Power consumption vs. spindle speed 
	  
3.4 Application of the presented model with case study 
 
The case study presented here is based on the actual data collection from a Bridgeport 
VMC 500x milling machine while performing a process of cutting a straight slot of 
various depths out of a work piece. Since there are different factors effect on the energy 
consumption, resource utilization and waste production and the limitation on the degree 
of freedom, it is rarely feasible to find deterministic mathematical relations between the 
cutting factors. However, with fictive input data which can be based on the experiments 
or simulation studies or testing artifacts several cases or scenarios can be evaluated in 
terms of Carbon generation.	  The example will illustrate what kind of analyses that could 
be performed and what decision-making bases you can get. Slot machining has been 
undertaken on the aluminium block so that, 3 axis of the milling machine involved in 
the machining operation.  The motion of the X, Y and Z axis should be integrated as to 
reflect the maximum energy usage of the machine tool which is under the survey. The 
slotting operation has been performed on the vertical axis of the Bridgeport CNC 
machine with the cutter size of 8 mm diameters having two teeth. An aluminium block 
has been cut in 150 mm width and 300 mm length as a work piece. Water-based soluble 
oils have been used as lubrication and coolant system. Basically, energy consumption of 
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the machine tools will be changed by the tool size and machining setup parameters. To 
consider the machining operations as a dynamic system which changes all the time, we 
defined a boundary with 9 machining parameter inputs based on the contribution they 
have on the energy consumption, resource utilization and waste production of the 
machine tools (Campatelli, 2009) (e.g. feed rate, cutting speed, depth of cut, idle time, 
tool path, process sequencing, lubrication, warm up time and chip wastes).  
Grey relational analysis integrated with the model in order to estimate the contribution 
of each cutting parameters to energy consumption, resource utilization and waste 
production. Cutting speed which is the major energy consumer during the machining 
operations has directly related to the electricity usage, but it might have effect on the 
resource utilization. Based on the GRA the major factors which significantly affecting 
to the energy, resource and waste has been signified. The applicability of the approach 
has been validated through a test case; the results obtained using fictive input data. 
Fig. 3.10 shows how the case study has been conducted. Effective data collection and 
analysis is essential for ERWC modelling based on the approach presented in this 
section.  
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Fig. 3.10 A case study designed for ERWC model evaluation 
 
3.4.1 Data collection 
 
Because of the diversity of machine tool parameters which have contribution on the 
energy consumption, resource utilization and waste generation, slotting operations have 
been performed in 9 separate times for data collection. Table 3.2 shows the data 
collected from the slotting operation designed for modelling the ERWC of the 
Bridgeport milling machine operations. 
 
 
 
 
 
 
ERWC 
modelling 
Data 
input 
MATLAB based Grey relational analysis 
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Table 3.2 Data sheet for milling operations on the Bridgeport CNC machine.  
 Feed rate 
(mm/min) 
Cutting 
speed 
(m/min) 
Depth of 
cut (mm) 
Idle time 
(sec) 
Tool path 
(mm) 
Process 
sequencing 
(mm) 
Lubricant 
(litre) 
Warm up 
time (sec) 
Chip 
wastes 
(gr) 
1 0.66 105 4 23 301.2 801.4 4.3 21 129.6 
2 0.56 76 2 13 152.1 652.3 2.3 25 64.8 
3 0.62 102 4 13 303.3 803.4 4.2 30 130.1 
4 0.46 78 2 16 151.4 651.3 2.2 34 63.8 
5 0.64 101 3 29 301.5 801.4 4.1 22 97.2 
6 0.75 92 3 19 300.6 800.4 3.5 26 98 
7 0.53 91 2 27 152.2 652.4 3.2 24 64.5 
8 0.55 78 1 13 151.5 651.3 2.8 27 32.4 
9 0.71 84 2 19 151.4 651.4 3.1 20 64.7 
 
Table 3.3 shows the values used for Grey relational analysis of the cutting parameters.  
Table 3.3 GRA parameters needed for formulating ERWC 
Machine tool parameter Weight on the parameter Distinguishing coefficient  
Feed rate (mm/min) 0.3 0.5 
Cutting speed (m/min) 0.5 0.5 
Depth of cut (mm) 0.2 0.5 
Idle time (sec) 0.4 0.5 
Tool path (mm) 0.3 0.5 
Process sequencing (mm) 0.3 0.5 
Lubricant (litre) 0.3 0.5 
Warm up time (sec) 0.3 0.5 
Chip wastes (gr) 0.4 0.5 
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3.4.2 Model validation 
 
The data has been transferred to ERWC model by MATLAB GUI and the final model 
displayed in the MATLAB figure as shown in Equation (3.5). Fig. 3.11 shows the data 
input and processes for ERWC modelling.  
𝐶𝑎𝑟𝑏𝑜𝑛  𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡𝑠 𝐾𝑔 − 𝐶𝑜2 = 𝐶𝑎𝑟𝑏𝑜𝑛  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  𝑓𝑎𝑐𝑡𝑜𝑟 !"!!"!×!"#!!!"!!"!×!"#!!"!!"!!! ×1.478 0 01.478 2.714 01.478 2.714 0.985
𝐹𝑒𝑒𝑑  𝑟𝑎𝑡𝑒(!!!"#)𝐶𝑢𝑡𝑡𝑖𝑛𝑔  𝑠𝑝𝑒𝑒𝑑( !!"#)𝐷𝑒𝑝𝑡ℎ  𝑜𝑓  𝑐𝑢𝑡 𝑚𝑚 +
𝐶𝑎𝑟𝑏𝑜𝑛  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  𝑓𝑎𝑐𝑡𝑜𝑟 !"!!"!!"#!"!!"!!!!"!!"!!! ×2.405 0 02.405 1.893 02.405 1.893 1.895 𝐼𝑑𝑙𝑒  𝑡𝑖𝑚𝑒(sec)𝑇𝑜𝑜𝑙  𝑝𝑎𝑡ℎ(𝑚𝑚)𝑃𝑟𝑜𝑐𝑒𝑠𝑠  𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑖𝑛𝑔(𝑚𝑚) +
𝐶𝑎𝑟𝑏𝑜𝑛  𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  𝑓𝑎𝑐𝑡𝑜𝑟 !"!!"!!"#$%!"!!"!!"#!"!!"!!" ×1.524 0 01.524 1.697 01.524 1.697 1.976 𝐿𝑢𝑏𝑟𝑖𝑐𝑎𝑛𝑡(𝑙𝑖𝑡𝑟𝑒)𝑊𝑎𝑟𝑚𝑢𝑝  𝑡𝑖𝑚𝑒(sec)𝐶ℎ𝑖𝑝  𝑤𝑎𝑠𝑡𝑒𝑠(𝑘𝑔)  
 
 
 
 
 
(3.5) 
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Fig. 3.11 Analytical calculation of the Bridgeport CNC machine parameters for ERWC 
modelling 
 
3.4 Conclusions 
 
 
Machining operations are highly energy consuming and harmful for the environment. 
Developing a systematic/holistic model that encompasses energy consumption, resource 
utilization and waste production of the machine tool operations has been disputed 
widely. Building specific international standards for the same purposes mentioned 
earlier can be a proof of the severity, which needs to undertake on the machining 
operations. Based on the European commission framework released in July 2012, the 
energy measurement of the CNC machines operations should be defined by specific and 
quantitatively measurable key performance indicators (KPI). Also, formulating multi 
objective ERWC model, for better analyzing the CNC machines operations became 
dominant these days. The most cumbersome for modelling the ERWC exists in the 
complexity between the machine tools parameters. Thus, the approach for finding an 
appropriate ERWC model integration which estimates all the dynamic behaviour of the 
CNC machines presented. The presented approach for ERWC modelling has been 
illustrated with a case study on the Bridgeport milling machine at the end. We replicated 
9th individual slotting operations for designing the case study. MATLAB based software 
Data input 
MATLAB based software 
ERWC 
modelling 
Co2 
intensity 
factor 
Database	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has been designed for the analytical calculation purposes. The outcomes from the case 
study verified the AD/GRA approach for formulating the ERWC model based on the 
prepared scenarios.  
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Chapter 4 Energy consumption measurement of CNC machines using a 
standardized test workpiece 
 
4.1 Introduction 
 
Development of ISO standards for assessing the energy efficiency of machine tools 
shows significant efforts for minimizing the environmental impact of machine tools and 
the associated operations. For proper and accurate assessment of machine tools’ 
performance on energy consumption, resource utilization, waste in operations and the 
consequent carbon generation (ERWC), a well designed test workpiece is essential and 
much needed so as to test and assess the machine tool in a calibrated comparable 
manner. The test workpiece should be utilized as an index to provide comparable and 
quantitative results. The designed workpiece as an artifact has been machined and 
trialed out on a 3-axis CNC milling machine to test the appropriateness of the artifact 
and thus assess the energy consumption of the machine in a quantitative and 
comprehensive manner. 
 
4.2 Design of the standard test piece for energy measurement 
 
Energy consumption of machine tools in operations has been discussed extensively 
from both economic and environmental aspects of sustainable manufacturing. Since 
machine tools have substantial contribution to energy consumption in manufacturing 
processes, several standards are being developed for assessing the energy consumption 
of machine tools so as to improve in environmental performance of the machines and 
associated operations. For instance, Japanese standards coded JIS TS B 0024-1:2010 is 
published by the Japanese Standards Association and presented a standard procedure for 
measuring the energy consumption of CNC machines (JSA, 2010). The designed test 
workpiece is evaluated within the standard cycle of 4 hours to achieve empirically 
significant data. A 3-axis milling machine is selected for energy analysis since milling 
operations are more energy sensitive. The machine drives are evaluated by moving the 
spindle along a cubic motion pattern. The proposed test workpiece has 2 main features 
(i.e. holes and grooves), and is incorporated with face milling, end milling and drilling 
operations on this 3- axis milling machine. In the mean time, the Fraunhofer institute 
has published several documents focusing on industrial standards policy and impact 
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analysis of machine tools and related operations (Fraunhofer,  2012). They developed 
standard definitions and procedures for reducing the energy consumption and carbon 
emissions through test workpieces designed by NC Gesselschaft e.V. A test workpiece 
has been designed for 5-axis milling operations with 9 different features machined with 
face milling strategy.  
In this section, the design of a ‘standard’ test workpiece is presented by taking account 
of the complexity of machine tools operations. The design attempts to address multiple 
factors and coupling effects involved in the machine system, the complexity and 
diversity of associated machining operations. The proposed design approach and testing 
protocols aim to standardize the energy consumption assessment of machine tools, 
which are carried out in a holistic, comprehensive and quantitative assessment manner. 
 
The CAD model has been developed for designing the artifact followed by simulation 
with Powermill to select the best cutting strategies and cutting tools. The standard test 
piece design parameters which correlate with the energy consumption of the machine 
tools were considered as follows: 
 
• Machine Tool Drives(X, Y and Z axis): The motion of the X, Y and Z axis 
should be integrated as to reflect the maximum energy usage of the machine tool 
which is under the survey. Also, the drives movement during the warm up 
period and following the tool path were studied as well as the time when tool cut 
the surface of the workpiece . 
 
• Machining Strategies: The methods of machining the workpiece have been well 
evaluated. Roughing and profiling have more contribution to the energy 
consumption rather than other machining methods as they have longer 
machining time and larger material removal rate. The machining strategies have 
been integrated so that the all possible machining methods investigated on the 
designed test workpiece as it shown in Fig. 4.1. 
 
• Dimensions: Scaling the dimensions of the workpiece should be matched to the 
capabilities of the machine under study. Three main groups of machine tool 
sizes are subsequently classified: small (working area<0.1 m2), medium (0.1 
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m2<working area<1 m2), and large (working area>1 m2). Selection of the 
cutting tool is also linked to the dimension setting (some cutting tools may cause 
less energy consumption if there is no need for step by step reworking on the 
feature). Bridgeport VMC 500X milling machine has been selected for the 
experiment. 
 
• Workpiece Materials: The material used in the standard test piece should 
highlight the energy usage side of the machining operations. A plastic work 
piece for example is expected to produce a smaller load on the spindle motor 
than a Aluminum work piece and therefore consumes a lower cutting power. 
Even though the cutting speed of Aluminum is the highest between all metals, it 
does not necessarily deliver the highest amount of energy consumption. 
Neglecting the machinability of the material, Steel has been selected as the 
workpiece material. 
 
• Cutting Tool: Coated tools generally produce lower friction at the tool chip 
interface which leads to lower cutting energy, contact temperature and tool 
wear.(Grzesik 2003) Thus, we used coated tools for the machining operations. 6 
mm and 5 mm end mill tools have been used for surfacing and 3 mm ball nosed 
tool has been used for shaping the dome. 
 
• Other Features: There are also some other factors for designing the test piece 
which has been considered such as: easy and fast to manufacture and measure, 
give comparable and quantitative results, producible in different types of 3 axis 
milling machines. 
• The procedure of developing test workpiece correlated with integrating the 
above features has shown in Fig. 4.1. The CAD drawing of the designed test 
piece has been attached to this thesis (Appendix B).  
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Fig. 4.1 The procedures of designing the test workpiece for energy assessment of a 
CNC milling machine 
4.2.1 Previous testing workpiece designs for energy consumption 
 
Previous designs of the test work piece for energy measuring purposes have been shown 
in Fig. 4.2 Behrendt et. al (2012) designed a test workpiece based on the JIS TS B 0024-
1:2010, which consists of 17 different features and is machined with face milling, 
grooving , pocketing and drilling operations. The designed workpiece can be fitted to 
any size of machine tools by scaling the dimensions of the workpiece matching the 
capabilities of the machine assessed. Berkley sustainable manufacturing research group 
has also designed a test piece for standardizing the energy measuring procedures. The 
Japanese test piece has 3 closed slots and 6 open slots.  
 
	  
Fig. 4.2 Previous designed test workpieces for energy consumption measurement 
(Behrendt et. al, 2012; Berkley sustainability group; Japanese standard) 
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4.2.2 Quantitative analysis of the shapes machined on the test piece 
 
In order to achieve to the best design for the energy measuring purposes, we have 
combined the above designs as well as quantitative analysis of different shapes and 
features. The energy consumption of different shapes has been investigated with respect 
to the cutting directions and the cutting strategies. The parameters are weighted based 
on the effect they each has on the energy consumption of the machining operations. 
Finally, we selected the ratios which indicate the highest energy consumption for the 
machining as its highlighted in Fig. 4.3 So, the combination of these shapes reflects the 
highest power consumption of the milling machine under the study.  
	  
Fig. 4.3 Quantitative analysis on the test workpiece design 
 
4.3 Testing procedures 
 
According to the cutting conditions shown in Fig. 4.3, the machining procedures are as 
follows: 
• Profiling in X and Y should be done (roughing and finishing) 
• Pocketing with 123° angle (roughing and finishing) 
• Pocketing with dome (roughing and finishing) 
• End milling to make open slot 
• Slot drilling for make close slot 
 
The test piece has been designed in Solidworks 2012, and input to the PowerMILL 2011 
to generate the G-codes for the CNC machine input. The design and the tool path 
generation have been shown in Fig. 4.4. 
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Fig. 4.4 Design and tool path generation of the test workpiece 
 
 
4.3.1 The experimental setup 
 
The test workpiece shown in Fig. 4.4 has been machined with a 3-axis Bridgeport 
machine, and the cutting condition was assigned by the values suggested by Sandvik 
tools handbook. Table 4.1 summarizes the cutting parameters used for machining the 
test piece. 
Fixed values has been tried out on the cutting speed and feed rates, however, the 
material used and also tool wear are reasons for the changes.  
 
Table 4.1 Cutting parameters for machining the designed test workpiece 
Cutting conditions 
Operation 
1 
Operation 
2 
Operation 
3 
Operation 
4 
Operation 
5 
Feed rate (mm/min) 400 400 500 400 400 
Cutting speed (RPM) 4000 4000 5000 4000 4000 
 
 
4.3.2 Data collection methods 
 
The Power logger has been attached to the Power bus of the milling machine. The 
specific test box has been design for clamping into the channels of 3 phases motor so as 
to reduce the danger of electricity shock. The Delta connection has been considered for 
measuring the 3 phases motor. So, the current probes have been connected to the 
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machine directly, but for measuring the voltage flexible nodes surrounded the current 
probes. Fig. 4.5 and 4.6 shows the connections and the experimental setups. Fig. 4.7 
shows the machine test workepiece. The process of measuring the machine tools energy 
has been displayed in Appendix C.  
	  
Fig. 4.5 Steel block clamped into the 3 axis milling machine 
 
	  
Fig. 4.6 The power logger connected to the 3 phases motor 
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Fig. 4.7 The standard test workpiece machined 
 
4.4 Results and discussions 
 
For measuring the energy consumption of the 3 axis Bridgeport machine, the power 
logger has been clamped to the 3 phases motor. Generally, CNC machines consume 
energy in three following phases :(Avram and Xirouchakis 2011) 
 
4.4.1 Warm up Time 
 
In this phase the energy which used by the auxiliary devices such as lighting, coolant 
pump, chip conveyer, mist collector and numerical control unit has been measured in a 
specific cycle time (75 sec) as it shown in Fig. 4.8. 
 
	  
Fig. 4.8 Energy consumption during the CNC machine warm up 
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Where the total energy used for warming up the CNC machine is equal to 1.35 kWh 
The electricity picks caused by the turning on the auxiliary devices such as lighting, 
fans, coolants and controller.  
 
4.4.2 Rapid Movement of Axis 
 
For measuring the power consumption of the spindle axis units, the cubic movements of 
the mechanic arms have been considered. The highlighted lines in Fig. 4.9 show the 
routes of the experiment (a-h-f-d-a- g-b-c-d-a), and Fig. 4.10 shows the energy 
consumption of the air cutting test. 
	  
Fig. 4.9 Spindle movement for measuring the power in air cutting 
 
	  
Fig. 4.10 Energy consumption during air cutting of the CNC machine. 
Where the energy consumption for air cutting is equal to 5.92 kWh. 
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4.4.3 Actual Cutting 
 
The specific artifacts have been designed for measuring the machining power of the 
machine tools. The design of the test workpiece features derived from the test piece 
suggested by JSA and TU Braunschweig (JSA, 2010; Behrendt et al., 2012). The cutting 
parameters setup was based on Table 1 data. The energy consumed during the 
machining has been plotted in Fig. 4.11. 
	  
Fig. 4.11 Average energy usage of the CNC milling machine 
 
The average energy used for the actual cutting operations is 10 kWh. 
The roughing operation contributed to the most energy consumption of the total cutting 
operations. With the increase of the material removal rate (MRR) the energy consumed 
per volume increased. However, increasing the material removal rate reduce the 
machining time and minimize the total cutting power consumed from the start to end of 
operations. The electricity measurement of the machine tools per machining time has 
been plotted in Appendix D.  
 
4.4.4 Further discussion 
 
Improvement on the energy consumption during machining needs quantitative and 
accurate testing procedure with the well designed artefact. The test workpiece designed 
with specific features correlated with the energy consumption in the 3 axis milling 
machine so as to reflect the maximum energy of the machine tool under study. The 
electricity consumption has been measured in 3 steps after turning on the CNC machine 
in order to show the exact amount of electricity usage in each step. Fig. 4.12 shows the 
entire procedures for measuring the cutting power. Roughing the steel out of the block 
consumed the most energy in comparison with the other machining strategies. So, the 
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energy usage affected by the cutting time as it’s presented. The results show that further 
improvements can be done in the energy consumption of the machining operations as 
follow: 
• Reschedule the machining of the testing features, so that the spindle and axes 
movement time reduces during one cycle of machining. 
• Optimization of the cutting parameters for delivering more energy efficient 
product. 
 
	  
Fig. 4.12 Testing procedures used for energy consumption measurement (Behrendt e. 
al., 2012) 
 
 
 
 
 
 
 
 
 
 
 
 
56	  
	  
Chapter 5 Testing protocols of machining parameters for the machine energy 
consumption 
 
5.1 Introduction 
 
The testing procedure presented in the previous chapter was based on the indirect 
cutting parameters effect such as auxiliary devices, tools, materials on energy 
consumption as we assigned cutting parameters (e.g. Cutting speed, feed rate and depth 
of cut) to fixed values. However, in this chapter the standard proposal for measuring the 
direct cutting parameters such as cutting speed, feed rate and depth of cut has been 
developed.  
Also the effects of the spindle axis have been evaluated versus to the table axes.  
 
5.2 Testing protocols for energy measurement 
 
Basically, the energy experiments on the machine tools have to be pre defined in order 
to lead to the reasonable results at the end. In this section, each machining parameters 
effect on the energy consuming during the operations has been investigated. The cutting 
parameters which have the most contribution in the energy consumption are considered 
as follow: 
• Cutting speed(RPM) 
• Feed rate(mm/min) 
• Depth of cut(mm) 
 
In next section, each of the above parameter’s influences has been studied on the 3 axis 
milling machine.  
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5.2.1 Depth of cut in the experiment setup 
Three open slots in a block have been designed for measuring the energy of the 
machining, as it has shown in Fig. 5.1. The fixed values for cutting speed and feed rate 
has been assumed while the depth of cut is increasing 2 mm in each experiment.  
 
 
Table 5.1 Machining experiment setup on the effect of depth of cut 
Slot number 
Depth of cut 
(mm) 
Feed rate (mm/min) Number of cuts 
Cutting speed 
(RPM) 
1 1 1,800 1 10,000 
2 3 1,800 1 10,000 
3 5 1,800 1 10,000 
 
The cutter size is important in this experiment because the slots should be machined in 
one go. Also the energy monitoring has to be done in a fixed cycle time so as to retrieve 
reasonable energy data of machining the slots.  
 
 
	  
Fig. 5.1 Depth of cut in the experiment design 
1	  
2	  
3	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5.2.2 Feed rate in the experiment setup 
Table 5.2 Machining experiment setup on the effect of feed rate 
Slot number Depth of cut (mm) Feed rate (mm/min) Number of cuts Cutting speed 
(RPM) 
1 3 1,800 1 10,000 
2 3 1,200 1 10,000 
3 3 800 1 10,000 
 
This experiment has been adapted for experiencing the energy usage of the feed rate 
changes during specific cycle time. (Fig. 5.2) The depths of cut and cutting speed have 
been set to be fixed during machining, but the feed rate is reduced from 1,800 mm/min 
to 800 mm/min.  
In this experiment, the workpiece which are being machined should be well tested so 
that, during the machining there is no cutter breakage or tool wear. Aluminium has the 
desired flexibility to be machined with different feed rates and cutting speed. So, 
Aluminium has been selected for the proposed experiment. Of course, the surface 
roughnesses which will be gained are different for the three slots.  
	  
Fig. 5.2 Feed rate in the experiment design 
	  
3	  
2	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5.2.3 Cutting speed in the experiment 
 
Table 5.3 Machining experiment setup on the effect of spindle speed 
Slot number 
Depth of cut 
(mm) 
Feed rate 
(mm/min) 
Number of cuts 
Cutting speed 
(RPM) 
1 3 1,800 1 10,000 
2 3 1,800 1 9,000 
3 3 1,800 1 8,000 
 
 
Energy data should be collected during the machining of three slots with three different 
intervals. (Fig. 5.3)The first slot should be machined with the 1000 RPM and reduce 
gradually for the entire of experiment. The machining power between machining 
intervals is decreased significantly so that it is easy to distinguish between the cutting 
power and air cutting power.  
 
 
 
	  
Fig. 5.3 Cutting speed in the experiment design 
	  	  
1	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5.2.4 Spindle axis experiment 
 
Table 5.4 Cutting parameters for Spindle axis experiment 
Slot number 
Depth of cut 
(mm) 
Feed rate 
(mm/min) 
Number of cuts 
Cutting speed 
(RPM) 
1 3 1800 1 10000 
2 3 1800 1 10000 
3 3 1800 1 10000 
 
Spindle axis in milling machine has to be analysed for the energy efficiency since it 
uses most of the time during milling operations.  
Machining in the XY planes has been investigated so far neglecting the fact that 
machining uses more energy with the direction changes to XY and Z. The changes of 
the power consumption have been investigated for three identical close slots. (Fig. 5.4) 
The angle between the horizontal slot and vertical slot is 90 degree, and the middle slot 
divides the space between them by the equal degrees (45 degree).   
	  
Fig. 5.4 Spindle axis experiment design 
	  	  
1	  
2	  
3	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The energy requirement for the slot 1 and 3 should be similar while the 2nd slot 
consumes higher energy (estimate to be double).  The drawings of the CAD model have 
been attached to this thesis for all the experiments (Appendix E).  
 
5.2.5 The experimental setup 
 
The setup parameters for evaluating the cutting parameters with respect to the energy 
usage of each have been shown in Table 5.1.  
 
Table 5.5 Machining setup for the energy effects 
Elements of experiment set up Description 
Block size 50 mm X 50 mm X 10 mm 
Material Aluminium 
Machine Bridgeport VMC 
Tool 4 mm high speed steel 
Slot length 14.5 mm 
 
5.2.6 Data collection methods 
 
The data should be collected with the 3 phase power logger device. The saved data plots 
in the graph later with the power logger software. During the machining intervals the 
picks and drops show the cutting and air cutting periods.  
The power connection should be fully understood since there is no neural channel in 
delta connection. However, the start connection needs neural channel for the exact 
measurement.  
 
5.3 Conclusions 
 
In order to investigate the effects of the main cutting parameters 4 cases have been 
studied in the fixed cycle time. The experiments designed so that it reflects the energy 
consumption of the cutting parameters not the tools or workpiece material. However, 
the energy used during machining be effected by other auxiliary devices such as 
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machining table, tool changed, tool magazine. The results gained from these 
experiments present valuable information for the machinist or machine tool companies. 
However, the effect of the cutting tools and workpiece material compromises the results 
of these sets of experiments. The dominant factors in machining should be focused in 
the energy intensive industries more than the indirect devices.   
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Chapter 6 Conclusions and recommendations for future work 
 
6.1 Conclusions 
 
Increasing the energy prices and legislation from the government forces the machine 
tool companies to save more energy on the machining related operations. There is 40-
60% potential for increasing the energy efficiency of the machine tools operations. The 
modelling and simulation approach applied for optimizing the machining operations. 
The different modelling approach has been analyzed in order to achieve the best 
systematic structures model.  Energy consumption, resource utilization and waste 
production have been integrated in order to get the quantitative results on the Carbon 
generated during the machining. Model formulation has been computerized with the 
MATLAB GUI software development. The modelling approach has been processes and 
tested on the well designed test workpiece retrieved from previous designs for energy 
measuring purposes. The standard procedure has been developed in order to test the 
workpiece in a fixed cycle time. 3 phases of the machining status has been considered 
for measuring the effective power consumption. During the machining, the machining 
time and machining power has been logged in the power measurement device. The 
schematic overview of the presented thesis has been displayed in Fig. 6.1.  
 
	  
Fig. 6.1 Energy-resource efficient sustainable manufacturing and development 
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Similarly, the proposal for the cutting parameters effect on the energy consumption has 
been developed to find the dominant factors in machining operations.  The experimental 
setup and machining intervals has been presented based on the literatures and the 
previous experiences. The results show that further improvements can be done in the 
energy consumption of the machining operations as follow: 
• Process optimization so that the auxiliary and main machining devices integrated 
in the efficient way.  
• Efficient cutting parameters set up in order to save more energy, and Carbon 
emissions.  
The knowledge contributions from this research are mostly lied in: 
• Modelling and simulation approach for evaluating the sustainability analysis of 
the machining energy consumption and associated operations. 
• Design of the test workpiece for smoothing the energy measurement procedures. 
• developing protocols on effects of machining parameters for the machine energy 
consumption 
 
6.2 Recommendations for future work 
 
The research presented here for the energy efficiency of the manufacturing process 
considering the machining parameters optimization and the associated machining 
devices. Development of the green manufacturing research has been classified as 
follow: 
• Restructuring the design of CNC machines 
• Online and Offline monitoring of the machining operations 
• External devices improvement for energy efficient machining 
 
Potentials for improvements of the above statements have been detailed in the next 
section.  
 
6.2.1 Restructuring the design of CNC machines 
 
Currently, the designed CNC machines have too much complexities for energy saving. 
Consequently, studies showed that the less machining time gained, the more energy 
saved during the manufacturing a part. Redesigning the machine tools by improving the 
hydraulics and physical devices may lead to greener manufacturing. Currently, the 
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project has been developed by seventh framework programme titled DEMAT is 
working in the same topic. 
 
6.2.2 Online and offline monitoring of the machining operations 
 
The exact amount of energy used during the machining operations inform the machinist 
from the potential of the energy saving. The offline monitoring of the G codes which 
estimates the power consumption associated with machining optimizes the cutting 
operations. Currently, there are no features on the CAM software for the energy 
estimation of the machining simulation.  Linking the electricity usage and the exact tool 
path generation may be interested area of research.  
 
6.2.3 External devices for improving energy efficient machining 
 
The external devices attached to the machine tools harmonises the electricity flow 
which cause more electricity savings. Turning off the machine tool devices during the 
idle time also cut the wastes and energy consumption.  Currently, the German company 
called DMG is focused on building the box which resist to the electricity noises and 
harmonise the 3 phases of CNC machine motors during machining. The box developed 
by DMG has been shown in Fig. 6.2.  
	  
Fig. 6.2 An external device for improving energy efficient machining and operations 
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Appendices 
 
Appendix A  
MATLAB Codes for the EWRC modelling approach  
 
function varargout = ERWC(varargin) 
% ERWC M-file for ERWC.fig 
%      ERWC, by itself, creates a new ERWC or raises the existing 
%      singleton*. 
% 
%      H = ERWC returns the handle to a new ERWC or the handle to 
%      the existing singleton*. 
% 
%      ERWC('CALLBACK',hObject,eventData,handles,...) calls the local 
%      function named CALLBACK in ERWC.M with the given input 
arguments. 
% 
%      ERWC('Property','Value',...) creates a new ERWC or raises the 
%      existing singleton*.  Starting from the left, property value 
pairs are 
%      applied to the GUI before ERWC_OpeningFcn gets called.  An 
%      unrecognized property name or invalid value makes property 
application 
%      stop.  All inputs are passed to ERWC_OpeningFcn via varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows 
only one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
  
% Edit the above text to modify the response to help ERWC 
  
% Last Modified by GUIDE v2.5 24-Nov-2011 02:33:59 
  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @ERWC_OpeningFcn, ... 
                   'gui_OutputFcn',  @ERWC_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 
  
  
% --- Executes just before ERWC is made visible. 
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function ERWC_OpeningFcn(hObject, eventdata, handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to ERWC (see VARARGIN) 
  
% Choose default command line output for ERWC 
handles.output = hObject; 
  
  
ha=axes('units','normalized',... 
    'position',[0 0 1 1]); 
uistack(ha,'bottom'); 
I=imread('h:\desktop\erwc1.jpg'); 
hi=imagesc(I); 
set(ha,'handlevisibility','off',... 
    'visible','off'); 
  
  
% Update handles structure 
guidata(hObject, handles); 
  
% UIWAIT makes ERWC wait for user response (see UIRESUME) 
% uiwait(handles.figure1); 
  
  
% --- Outputs from this function are returned to the command line. 
  
  
  
function varargout = ERWC_OutputFcn(hObject, eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
  
  
  
  
% Get default command line output from handles structure 
varargout{1} = handles.output; 
  
  
% --- Executes on button press in pushbutton1. 
function pushbutton1_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
  
  
x=get(handles.edit1,'string'); 
x=str2double(x); 
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w1=get(handles.edit3,'string'); 
w1=str2double(w1); 
w2=get(handles.edit4,'string'); 
w2=str2double(w2); 
w3=get(handles.edit5,'string'); 
w3=str2double(w3); 
  
y=get(handles.edit6,'string'); 
y=str2double(y); 
  
w11=get(handles.edit8,'string'); 
w11=str2double(w11); 
w22=get(handles.edit9,'string'); 
w22=str2double(w22); 
w33=get(handles.edit10,'string'); 
w33=str2double(w33); 
  
z=get(handles.edit11,'string'); 
z=str2double(z); 
  
w111=get(handles.edit13,'string'); 
w111=str2double(w111); 
w222=get(handles.edit14,'string'); 
w222=str2double(w222); 
w333=get(handles.edit15,'string'); 
w333=str2double(w333); 
  
  
  
  
mat1 = get(handles.uitable1,'data');    
  
  
mat3=ones(1,3); 
  
  
  
mat2(:,1)=((max(mat1(:,1))-mat1(:,1)))/(max(mat1(:,1))-
min(mat1(:,1))); 
mat2(:,2)=((max(mat1(:,2))-mat1(:,2)))/(max(mat1(:,2))-
min(mat1(:,2))); 
mat2(:,3)=((max(mat1(:,3))-mat1(:,3)))/(max(mat1(:,3))-
min(mat1(:,3))); 
  
mat4=insertrows(mat2,mat3,0); 
  
for i=1:x 
    for j=1 
        mat5(i,j)=(0.5)/(abs((mat4(i+1,j)-mat4(i,j)))+0.5); 
    end 
end 
  
      
for i=1:x 
    for j=2 
        mat5(i,j)=(0.5)/(abs((mat4(i+1,j)-mat4(i,j)))+0.5); 
    end 
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end 
  
for i=1:x 
    for j=3 
        mat5(i,j)=(0.5)/(abs((mat4(i+1,j)-mat4(i,j)))+0.5); 
    end 
end 
  
  
sum1=sum(mat5(:,1)); 
gra1=sum1*w1; 
  
sum2=sum(mat5(:,2)); 
gra2=sum2*w2; 
  
sum3=sum(mat5(:,3)); 
gra3=sum3*w3; 
  
  
  
%Second table 
  
mat11 = get(handles.uitable2,'data');    
mat33=ones(1,3); 
  
  
  
mat22(:,1)=((max(mat11(:,1))-mat11(:,1)))/(max(mat11(:,1))-
min(mat11(:,1))); 
mat22(:,2)=((max(mat11(:,2))-mat11(:,2)))/(max(mat11(:,2))-
min(mat11(:,2))); 
mat22(:,3)=((max(mat11(:,3))-mat11(:,3)))/(max(mat11(:,3))-
min(mat11(:,3))); 
  
mat44=insertrows(mat22,mat33,0); 
  
for i=1:y 
    for j=1 
        mat55(i,j)=(0.5)/(abs((mat44(i+1,j)-mat44(i,j)))+0.5); 
    end 
end 
  
      
for i=1:y 
    for j=2 
        mat55(i,j)=(0.5)/(abs((mat44(i+1,j)-mat44(i,j)))+0.5); 
    end 
end 
  
for i=1:y 
    for j=3 
        mat55(i,j)=(0.5)/(abs((mat44(i+1,j)-mat44(i,j)))+0.5); 
    end 
end 
  
  
sum11=sum(mat55(:,1)); 
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gra11=sum11*w11; 
  
sum22=sum(mat55(:,2)); 
gra22=sum22*w22; 
  
sum33=sum(mat55(:,3)); 
gra33=sum33*w33; 
  
  
%Third table 
  
mat111 = get(handles.uitable3,'data');    
mat333=ones(1,3); 
  
  
  
mat222(:,1)=((max(mat111(:,1))-mat111(:,1)))/(max(mat111(:,1))-
min(mat111(:,1))); 
mat222(:,2)=((max(mat111(:,2))-mat111(:,2)))/(max(mat111(:,2))-
min(mat111(:,2))); 
mat222(:,3)=((max(mat111(:,3))-mat111(:,3)))/(max(mat111(:,3))-
min(mat111(:,3))); 
  
mat444=insertrows(mat222,mat333,0); 
  
for i=1:z 
    for j=1 
        mat555(i,j)=(0.5)/(abs((mat444(i+1,j)-mat444(i,j)))+0.5); 
    end 
end 
  
      
for i=1:z 
    for j=2 
        mat555(i,j)=(0.5)/(abs((mat444(i+1,j)-mat444(i,j)))+0.5); 
    end 
end 
  
for i=1:z 
    for j=3 
        mat555(i,j)=(0.5)/(abs((mat444(i+1,j)-mat444(i,j)))+0.5); 
    end 
end 
  
  
sum111=sum(mat555(:,1)); 
gra111=sum111*w111; 
  
sum222=sum(mat555(:,2)); 
gra222=sum222*w222; 
  
sum333=sum(mat555(:,3)); 
gra333=sum333*w333; 
  
  
gra1=num2str(gra1); 
gra2=num2str(gra2); 
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gra3=num2str(gra3); 
gra11=num2str(gra11); 
gra22=num2str(gra22); 
gra33=num2str(gra33); 
gra111=num2str(gra111); 
gra222=num2str(gra222); 
gra333=num2str(gra333); 
  
set(handles.text19,'string',gra1); 
set(handles.text20,'string',gra2); 
set(handles.text21,'string',gra3); 
set(handles.text32,'string',gra11); 
set(handles.text33,'string',gra22); 
set(handles.text34,'string',gra33); 
set(handles.text38,'string',gra111); 
set(handles.text39,'string',gra222); 
set(handles.text40,'string',gra333); 
set(handles.text28,'string',gra1); 
set(handles.text30,'string',gra1); 
set(handles.text31,'string',gra2); 
set(handles.text35,'string',gra11); 
set(handles.text36,'string',gra11); 
set(handles.text37,'string',gra22); 
set(handles.text41,'string',gra111); 
set(handles.text42,'string',gra111); 
set(handles.text43,'string',gra222); 
  
  
  
  
  
  
  
% --- Executes on button press in pushbutton2. 
function pushbutton2_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
close(gcbf); 
  
  
function edit1_Callback(hObject, eventdata, handles) 
% hObject    handle to edit1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit1 as text 
%        str2double(get(hObject,'String')) returns contents of edit1 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
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% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton3. 
function pushbutton3_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
x=get(handles.edit1,'string'); 
x=str2double(x); 
  
for i=1:x 
    for j=1:3 
        mat1(i,j)=0; 
    end 
end 
  
  
%e=get(handles.edit2,'string'); 
%e=str2num(e); 
  
%w1=get(handles.edit3,'string'); 
%w1=str2num(w1); 
%w2=get(handles.edit4,'string'); 
%w2=str2num(w2); 
%w3=get(handles.edit5,'string'); 
%w3=str2num(w3); 
  
  
  
set(handles.uitable1,'data',mat1); 
  
function edit2_Callback(hObject, eventdata, handles) 
% hObject    handle to edit2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit2 as text 
%        str2double(get(hObject,'String')) returns contents of edit2 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit2_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
79	  
	  
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit3_Callback(hObject, eventdata, handles) 
% hObject    handle to edit3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit3 as text 
%        str2double(get(hObject,'String')) returns contents of edit3 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit3_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit4_Callback(hObject, eventdata, handles) 
% hObject    handle to edit4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit4 as text 
%        str2double(get(hObject,'String')) returns contents of edit4 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit4_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
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function edit5_Callback(hObject, eventdata, handles) 
% hObject    handle to edit5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit5 as text 
%        str2double(get(hObject,'String')) returns contents of edit5 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit5_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit6_Callback(hObject, eventdata, handles) 
% hObject    handle to edit6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit6 as text 
%        str2double(get(hObject,'String')) returns contents of edit6 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit6_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton4. 
function pushbutton4_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
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y=get(handles.edit6,'string'); 
y=str2double(y); 
  
for i=1:y 
    for j=1:3 
        mat11(i,j)=0; 
    end 
end 
  
  
%e=get(handles.edit2,'string'); 
%e=str2num(e); 
  
%w11=get(handles.edit8,'string'); 
%w11=str2num(w11); 
%w22=get(handles.edit9,'string'); 
%w22=str2num(w22); 
%w33=get(handles.edit10,'string'); 
%w33=str2num(w33); 
  
  
  
set(handles.uitable2,'data',mat11); 
  
  
function edit7_Callback(hObject, eventdata, handles) 
% hObject    handle to edit7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit7 as text 
%        str2double(get(hObject,'String')) returns contents of edit7 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit7_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit8_Callback(hObject, eventdata, handles) 
% hObject    handle to edit8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit8 as text 
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%        str2double(get(hObject,'String')) returns contents of edit8 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit8_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit9_Callback(hObject, eventdata, handles) 
% hObject    handle to edit9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit9 as text 
%        str2double(get(hObject,'String')) returns contents of edit9 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit9_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit10_Callback(hObject, eventdata, handles) 
% hObject    handle to edit10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit10 as text 
%        str2double(get(hObject,'String')) returns contents of edit10 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit10_CreateFcn(hObject, eventdata, handles) 
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% hObject    handle to edit10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit11_Callback(hObject, eventdata, handles) 
% hObject    handle to edit11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit11 as text 
%        str2double(get(hObject,'String')) returns contents of edit11 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit11_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit11 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes on button press in pushbutton5. 
function pushbutton5_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
z=get(handles.edit11,'string'); 
z=str2double(z); 
  
for i=1:z 
    for j=1:3 
        mat111(i,j)=0; 
    end 
end 
  
  
%e=get(handles.edit2,'string'); 
%e=str2num(e); 
  
%w111=get(handles.edit13,'string'); 
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%w111=str2num(w111); 
%w222=get(handles.edit14,'string'); 
%w222=str2num(w222); 
%w333=get(handles.edit15,'string'); 
%w333=str2num(w333); 
  
  
  
set(handles.uitable3,'data',mat111); 
  
  
function edit12_Callback(hObject, eventdata, handles) 
% hObject    handle to edit12 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit12 as text 
%        str2double(get(hObject,'String')) returns contents of edit12 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit12_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit12 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit13_Callback(hObject, eventdata, handles) 
% hObject    handle to edit13 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit13 as text 
%        str2double(get(hObject,'String')) returns contents of edit13 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit13_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit13 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
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    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit14_Callback(hObject, eventdata, handles) 
% hObject    handle to edit14 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit14 as text 
%        str2double(get(hObject,'String')) returns contents of edit14 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit14_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit14 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
  
function edit15_Callback(hObject, eventdata, handles) 
% hObject    handle to edit15 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of edit15 as text 
%        str2double(get(hObject,'String')) returns contents of edit15 
as a double 
  
  
% --- Executes during object creation, after setting all properties. 
function edit15_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit15 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
% --- Executes during object creation, after setting all properties. 
function figure1_CreateFcn(hObject, eventdata, handles) 
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% hObject    handle to figure1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
  
% --- Executes during object creation, after setting all properties. 
function axes1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to axes1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: place code in OpeningFcn to populate axes1 
  
  
% --- Executes on mouse press over axes background. 
function axes1_ButtonDownFcn(hObject, eventdata, handles) 
% hObject    handle to axes1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
  
% --- Executes during object deletion, before destroying properties. 
function axes1_DeleteFcn(hObject, eventdata, handles) 
% hObject    handle to axes1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
87	  
	  
Appendix B  
Testing workpiece design for energy consumption measurement on the 3 axis 
milling machine 
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Appendix C  
Experimental setup and procedures 
 
	  
Fig. C.1 Fixture design 
 
 
 
	  
Fig. C.2 Clamping the test piece into the machine 
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Fig. C.3 Power logger connections 
 
	  
Fig. C.4 logging during the machining 
 
 
 
 
 
90	  
	  
	  
Fig. C.5 Machine test workpiece 
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Appendix D  
Power measurement results 
 
Table D.1 Warm up time energy consumption 
Time(sec) Energy(Kwh) Energy(Wh) 
1 0.00001 0.008785 
2 0.00001 0.013293 
3 0.00001 0.01262 
4 0.00001 0.01196 
5 0.00001 0.010766 
6 0.00001 0.006725 
7 0.00001 0.006725 
8 0.00001 0.006723 
9 0.00001 0.006725 
10 0.00001 0.006727 
11 0.00001 0.006725 
12 0.00001 0.006726 
13 0.00001 0.006724 
14 0.00001 0.00672 
15 0.00001 0.006722 
16 0.00001 0.006724 
17 0.00001 0.006725 
18 0.00001 0.006726 
19 0.00001 0.006724 
20 0.00001 0.006723 
21 0.00001 0.006723 
22 0.00001 0.006724 
23 0.00001 0.006724 
24 0.00001 0.006726 
25 0.00001 0.006725 
26 0.00001 0.006724 
27 0.00001 0.006726 
28 0.00001 0.006727 
29 0.00001 0.006691 
30 0.00001 0.006725 
31 0.00001 0.006724 
32 0.00001 0.006724 
33 0.00001 0.006724 
34 0.00001 0.006726 
35 0.00001 0.010086 
36 0.00001 0.010088 
37 0.00001 0.010086 
38 0.00001 0.008073 
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39 0.00001 0.008073 
40 0.00003 0.025407 
41 0.00002 0.023661 
42 0.00003 0.027327 
43 0.00003 0.027314 
44 0.00003 0.028271 
45 0.00003 0.028263 
46 0.00004 0.041063 
47 0.00005 0.046281 
48 0.00003 0.025128 
49 0.00003 0.027032 
50 0.00003 0.027676 
51 0.00003 0.028562 
52 0.00003 0.028716 
53 0.00003 0.027676 
54 0.00003 0.027169 
55 0.00003 0.027071 
56 0.00003 0.026807 
57 0.00003 0.027059 
58 0.00003 0.026807 
59 0.00003 0.032083 
60 0.00003 0.034572 
61 0.00003 0.027953 
62 0.00003 0.026797 
63 0.00003 0.027277 
64 0.00003 0.026467 
65 0.00003 0.027069 
66 0.00003 0.030036 
67 0.00003 0.030036 
68 0.00003 0.027172 
69 0.00003 0.027069 
70 0.00003 0.027572 
71 0.00003 0.027673 
72 0.00003 0.027673 
73 0.00003 0.02676 
74 0.00003 0.026275 
75 0.00003 0.025602 
 
 
 
 
 
 
93	  
	  
Table D.2 Rapid movement of axis energy consumption 
Time Energy(kWh) Energy(Wh) 
0.5 0.00003 0.02904171 
1 0.00003 0.02890416 
1.5 0.00003 0.02889871 
2 0.00003 0.02889599 
2.5 0.00003 0.02856575 
3 0.00003 0.02839795 
3.5 0.00003 0.0284712 
4 0.00003 0.02889054 
4.5 0.00003 0.02888509 
5 0.00003 0.02851863 
5.5 0.00003 0.02856306 
6 0.00003 0.02819423 
6.5 0.00003 0.02824349 
7 0.00003 0.03232951 
7.5 0.00006 0.05817212 
8 0.00006 0.05733502 
8.5 0.00005 0.04687324 
9 0.00013 0.12648216 
9.5 0.00036 0.3639593 
10 0.00006 0.05839684 
10.5 0.00006 0.05847876 
11 0.00006 0.06469196 
11.5 0.00008 0.07545973 
12 0.00008 0.07572094 
12.5 0.00008 0.07973374 
13 0.00008 0.07883196 
13.5 0.00008 0.07882453 
14 0.00008 0.07740777 
14.5 0.00007 0.07263797 
15 0.00007 0.0660794 
15.5 0.00007 0.06546655 
16 0.00007 0.0653548 
16.5 0.00007 0.06567247 
17 0.00006 0.06462791 
17.5 0.00007 0.06598556 
18 0.00006 0.06441671 
18.5 0.00008 0.08044549 
19 0.00009 0.0917143 
19.5 0.00009 0.09139894 
20 0.00009 0.09350876 
20.5 0.00009 0.09210612 
21 0.00010 0.09571331 
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21.5 0.00009 0.09192559 
22 0.00009 0.09126087 
22.5 0.00009 0.08534185 
23 0.00007 0.07483718 
23.5 0.00008 0.07534603 
24 0.00008 0.07531392 
24.5 0.00008 0.07510238 
25 0.00007 0.0749617 
25.5 0.00007 0.06794861 
26 0.00007 0.06551437 
26.5 0.00007 0.06555651 
27 0.00007 0.0663461 
27.5 0.00007 0.06582753 
28 0.00007 0.06671741 
28.5 0.00007 0.06690105 
29 0.00007 0.0663461 
29.5 0.00007 0.06597606 
30 0.00007 0.07334566 
30.5 0.00008 0.07533182 
31 0.00007 0.07480892 
31.5 0.00008 0.07541703 
32 0.00008 0.07520648 
32.5 0.00008 0.07528551 
33 0.00008 0.07604214 
33.5 0.00007 0.06962466 
34 0.00007 0.07318298 
34.5 0.00007 0.07255166 
35 0.00007 0.07303983 
35.5 0.00007 0.07265258 
36 0.00007 0.0688374 
36.5 0.00009 0.09139296 
37 0.00010 0.09509635 
37.5 0.00010 0.09748171 
38 0.00010 0.09504723 
38.5 0.00009 0.08748909 
39 0.00007 0.07261829 
39.5 0.00007 0.07375484 
40 0.00007 0.07301915 
40.5 0.00007 0.07372699 
41 0.00007 0.07376094 
41.5 0.00005 0.05104947 
42 0.00004 0.03571824 
42.5 0.00003 0.02826547 
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Table D.3 Actual cutting energy consumption 
Time(min) Energy(Wh) 
30 1.122554 
60 1.451212753 
90 1.446631429 
120 1.448116269 
150 1.462943498 
170 1.443895527 
172 0.138566 
182 0.139113 
192 0.142531 
195 0.142968 
205 0.140146 
215 0.137002 
220 0.138749 
230 0.138368 
237 0.144887 
240 0.131812 
244 0.131002 
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Appendix E 
CAD drawings used for the energy testing proposal 
 
 
	  
Fig E.1 Depth of cut experiment 
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Fig. E.2 Cutting speed experiment 
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Fig. E.3 Feed rate experiment 
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Fig. E.4 Spindle axis experiment 
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Appendix F 
Two research papers published from this research	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